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The gene encoding the p53 tumor suppressor protein, a sequence-specific DNA binding transcription factor, is
the most frequently mutated gene in human cancer. Crystal structures of homo-oligomerizing p53
polypeptides with specific DNA suggest that DNA binding is associated with a conformational switch.
Specifically, in the absence of DNA, loop L1 of the p53 DNA binding domain adopts an extended
conformation, whereas two p53 subunits switch to a recessed loop L1 conformation when bound to DNA as a
tetramer. We previously designed a p53 protein, p53FG, with amino substitutions S121F and V122G targeting
loop L1. These two substitutions enhanced the affinity of p53 for specific DNA yet, counterintuitively,
decreased the residency time of p53 on DNA. Here, we confirmed these DNA binding properties of p53FG
using a different method. We also determined by crystallography the structure of p53FG in its free state and
bound to DNA as a tetramer. In the free state, loop L1 adopted a recessed conformation, whereas upon DNA
binding, two subunits switched to the extended loop L1 conformation, resulting in a final structure that was
very similar to that of wild-type p53 bound to DNA. Thus, altering the apo structure of p53 changed its DNA
binding properties, even though the DNA-bound structure was not altered.
© 2014 The Authors. Published by Elsevier Ltd. All rights reserved.Introduction
The gene encoding the tumor suppressor p53
protein is the most frequently mutated gene in
human cancer [1,2]. The p53 protein is activated in
response to DNA damage, and once activated, it
enhances transcription of genes that induce cell
cycle arrest, apoptosis, or senescence [3,4]. Since
oncogenes induce DNA damage, it is not surprising
that p53 is the most frequently mutated gene in
human cancer [5].
The p53 protein contains two independently folding
domains: a sequence-specific DNA binding domain at
its center (also known as the core domain) and a
homo-tetramerization domain toward the C-terminus
[6–8]. These two domains are flanked by three flexible,
unstructured regions: an N-terminal transactivation
region, a linker region between the DNA binding and
tetramerization domains, and aC-terminal basic regionatter © 2014 The Authors. Published by El[9]. Most of the p53 mutations in human cancer target
the sequence-specific DNA binding domain [1,2].
Several three-dimensional structures of p53 have
been determined [10–18]. Most of these encompass
only the core domain, either by itself or in complex
with DNA [10–15]. Recently, we solved structures of
a p53 polypeptide containing both the DNA binding
and homo-oligomerization domains in its free form
and bound to specific DNA sites [16,17]. Consistent
with wild-type p53 (p53wt) binding DNA as tetramer,
we observed four p53 subunits bound to the specific
DNA site. The specific DNA site encompasses four
tandem pentanucleotide repeats, and each repeat is
recognized by one p53 DNA binding domain. Unlike
the structures containing only the core domain of p53
bound to DNA, we observed a conformational switch
within loop L1 upon sequence-specific DNA binding.
The conformational change of loop L1 involves only
two of the four p53 subunits bound to DNA, thosesevier Ltd. All rights reserved. J. Mol. Biol. (2014) 426, 936–944
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Fig. 1. Amino acid substitutions within loop L1 decrease the half-life of p53–DNA complexes despite increasing
the affinity for specific DNA. (a and b) Scatchard plots for binding of human p53wt and p53FG (residues 79–393) to
the native p53 response element present in the CDKN1A gene (a) or to a consensus p53 response element (b). The KD
values (mean ± 1 SD) shown correspond to −1/slope of the fraction of bound DNA divided by the concentration of free p53
(v/[p53]) as a function of the fraction of bound DNA (v). (c and d) Plot of the natural logarithm of RUmax divided by RU
[ln(RUmax/RU)] over time (t) in seconds (s) for binding of p53 and p53FG to CDKN1A (c) and consensus (d) p53 response
elements. The koff values shown (mean ± 1 SD) correspond to the slope of the plot. The kinetic experiments were
performed with p53 protein concentrations of 118 nM (blue symbols), 178 nM (red symbols), and 267 nM (green symbols).
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3-prime of the four tandem pentanucleotide repeats
[16]. We refer to these two repeats as the outer
repeats.
On the basis of the conformational switch in loop
L1, we proposed that p53 recognizes sequence-
specific DNA via a two-step, induced-fit mechanism
[16,17,19]. The first step involves an initial rigid-body
interaction between p53 and DNA, followed (in the
second step) by conformational changes that allow a
better fit between p53 and the DNA. To test this
model, we analyzed p53 mutants containing amino
acid substitutions within loop L1 [16]. The design of
these mutants was guided by the free and DNA-
bound conformations of p53. The most interesting
mutant, hereafter referred to as p53FG, contained
two substitutions within loop L1: Ser121 with Phe
(S121F) and Val122 with Gly (V122G). These two
substitutions were predicted to favor the recessed
DNA-bound conformation of loop L1 and also to
impart conformational flexibility to the loop, therebydecreasing the kinetic barrier between the free and
DNA-bound conformations.
Fluorescence anisotropy experiments performed
with p53wt and p53FG revealed that p53FG bound
to DNA with higher affinity than p53wt [16]. One
would have expected that the higher affinity for DNA
would have translated into longer half-lives for the
p53–DNA complexes. However, the half-lives of the
p53FG–DNA complexes were shorter than those
of the p53wt–DNA complexes [16]. This unexpected
observation prompted us to propose that the
conformational switch provides a kinetic barrier to
p53 DNA binding and, thereby, regulates the
residency time of p53 on DNA.
The design of p53FG was guided by the structure
of p53wt bound to DNA [16]. While we had predicted
that the S121F and V122G substitutions would
facilitate the recessed loop L1 conformation, this
was never demonstrated experimentally. Further,
how Phe121 would be accommodated in the p53–
DNA structure was unclear, since we had not solved
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Fig. 2. Three-dimensional structure of the p53FG DNA binding domain in its apo form. (a) Overall structure of p53FG
(colored green; except for loop L1, colored blue) superimposed on the structure of the DNA binding domain of p53wt (gray).
(b) Superimposition of the loop L1 structures and of the beta-strand C-terminal to loop L1 of p53FG in its apo form [colored
as in (a)], p53wt (gray), and Cep-1 (yellow). The side chains of Phe121 (p53FG), Ser121 (p53wt), and Ser238 (Cep-1;
corresponding to Ser121 of p53wt) are indicated. The orientation of the top view is the same as in (a); the bottom view is
obtained by a 90° rotation along the indicated axis. The r.m.s. difference between the positions of the alpha-carbon atoms
of loops L1 of p53wt and p53FG (residues 113–123), in their apo form, is 3.5 Å.
938 Reversal of the DNA-Binding-Induced Loop L1 Conforthe structure of p53FG in complex with DNA. Here,
we address these questions by determining the
three-dimensional structures of p53FG in its apo
form and in complex with specific DNA. In addition,
we use surface plasmon resonance (SPR), as a
different biophysical method than the one used in our
previous study [16], to characterize the DNA binding
properties of p53wt and p53FG. The new results
further support our model that conformational
changes in loop L1 allow p53 DNA binding affinities
and kinetics to be regulated independently of each
other. Thus, p53 could serve as a paradigm toward
understanding how transcription factors occupy their
specific sites in vivo. Specifically, large differences in
half-lives of protein–DNA complexes, made possible
by conformational changes, rather than large differ-
ences in affinities may allow discrimination of
specific from non-specific DNA sites.
Results
Amino acid substitutions within loop L1 decrease
the half-life of p53–DNA complexes despite
increasing DNA binding affinity
We previously used fluorescence anisotropy to
measure binding affinities and off-rates of various
p53 proteins for sequence-specific DNA [16]. We
found that p53FG bound specific DNA with higher
affinity than p53wt. Even though the higher affinity of
p53FG for DNA should translate to longer residency
times of p53 on DNA, quite unexpectedly, the
half-life of the p53FG–DNA complexes was shorter
than the half-life of the p53wt–DNA complexes. To
determine whether these results could be repro-duced with a different method, we employed SPR,
which also allows affinity and kinetic binding
constants to be determined [20,21].
We examined binding of p53 to two different DNA
sequences: one containing the natural p53 response
element in the CDKN1A (p21) gene and one
containing a consensus p53 binding site (Fig. 1).
Oligonucleotides containing these two DNA se-
quences were synthesized with a biotin tag to allow
them to be immobilized on streptavidin-coated SPR
sensor chips. Binding measurements were per-
formed using purified, recombinant p53 proteins
corresponding to residues 79–393 of the full-length
human p53 protein. These proteins lacked only the
transactivation domain, which is not thought to be
involved in DNA binding. One protein had a wild-type
loop L1 sequence (p53wt), while the other (p53FG)
contained two amino acid substitutions, S121F and
V122G, in loop L1. Both p53 proteins also contained
amino acid substitutions that enhance the thermal
stability and solubility of the DNA binding domain.
These substitutions do not affect p53 function but
render p53 amenable to biophysical analysis [16].
The first series of SPR experiments was used
to determine DNA binding affinities (expressed by the
dissociation constant KD). The results were visualized
using Scatchard plots showing the fraction of bound
DNA divided by the concentration of free p53 (v/[p53])
as a function of the fraction of boundDNA (v).Wild-type
p53 bound the CDKN1A response element
with a dissociation constant of 14.5 ± 1.7 nM
(mean ± 1 SD), whereas p53FG had a dissociation
constant of 11.0 ± 1.0 nM (P b 0.05 for the difference
in KD values; Fig. 1a). For the consensus binding site,
the calculated dissociation constants were 9.21 ± 0.23
and6.93 ± 2.48 nM for p53wt andp53FG, respectively
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Fig. 3. Three-dimensional structure of a multidomain p53FG oligomer bound to DNA. (a) Overall structure of two p53FG
dimers bound to DNA. The p53 subunits are labeled A–D. (b) Superimposition of loops L1 of subunits A (green) and B
(yellow) of p53FG bound to DNA to loops L1 of p53wt (gray) and p53FG (blue) in their apo forms. The r.m.s. difference
between the positions of the alpha-carbon atoms of loop L1 of p53FG bound to the outer DNA repeat (subunit A) relative to
loops L1 of p53wt and p53FG in their apo forms is 3.9 and 3.4 Å, respectively. The r.m.s. difference between the positions
of the alpha-carbon atoms of loop L1 of p53FG bound to the inner DNA repeat (subunit B) relative to loops L1 of p53wt and
p53FG in their apo forms is 0.8 and 3.2 Å, respectively. (c) Cartoon depicting the conformational switching of loops L1 of
p53wt and p53FG upon DNA binding.
939Reversal of the DNA-Binding-Induced Loop L1 Confor(Fig. 1b). The difference in affinities of wild-type p53
and p53FG for specific DNA is not as high as the one
we previously observed by fluorescence anisotropy
(7.75 ± 0.52 versus 1.96 ± 0.20 nM for p53wt and
p53FG, respectively [16]); however, the SPR mea-
surements still showed a higher DNAbinding affinity for
p53FG than for p53wt.
In order to calculate off-rate constants, we relied on
the SPR response units (RUs) measured during
dissociation of p53 from specific DNA over time,
using the method of O'Shannessy et al. [20], which
posits that the slope of the plot of ln(RUmax/RU) over
time is equal to the off-rate constant (koff). The koff
values for the complexes of p53wt and p53FG with theCDKN1A response element were 0.077 ± 0.003 and
0.16 ± 0.01 s−1, respectively (P b 0.005 for the differ-
ence in koff values; Fig. 1c). For the consensus binding
site, the off-rates were 0.121 ± 0.005 and 0.35 ±
0.04 s −1 for p53wt and p53FG, respectively
(P b 0.005 for the difference in koff values; Fig. 1d).
These latter values were consistent with those previ-
ously obtained by fluorescence anisotropy (0.068 ±
0.008 versus 0.34 ± 0.03 s−1 for p53wt and p53FG,
respectively [16]). Thus, the off-rate values obtained by
two different techniques reveal that the half-lives of the
p53FG–DNA complexes were shorter than the half-
lives of the p53wt–DNA complexes despite p53FG
having higher affinity for specific DNA than p53wt.
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Fig. 4. Sequence-specific contacts of p53FG with DNA. (a) Interface of subunit B of p53FG with DNA. (b) Interface of
subunit A of p53FG with DNA. The subunits are labeled and are shown in the same orientation as subunit B in Fig. 3a. (c)
Superimposition of loops L1 of subunits A (green) and B (yellow) of p53FG bound to DNA to loops L1 of subunits A (blue)
and B (gray) of p53wt bound to DNA. The conformation of loop L1 of mouse p53 cross-linked (p53cr) to DNA (purple [14]) is
also shown. The r.m.s. difference between the positions of the alpha-carbon atoms of loop L1 of p53FG and p53wt bound
to the outer DNA repeats (subunits A) is 2.1 Å; the r.m.s. difference between the positions of the alpha-carbon atoms of
loop L1 of p53FG and p53wt bound to the inner DNA repeats (subunits B) is 1.6 Å.
940 Reversal of the DNA-Binding-Induced Loop L1 ConforStructure of p53FG in its apo (free) form
The structure of the DNA binding domain of
p53FG encompassing the two substitutions within
loop L1 was determined at a resolution of 1.25 Å
(Table S1). The overall structure was similar to that
of wild-type p53, except for the conformation of
loop L1, which in p53FG, remarkably, adopted a
recessed conformation (Fig. 2a). So far, all struc-
tures of p53 and of its family member p73 have been
shown to adopt an extended loop L1 conformation in
their apo form [10,22,23] with only one exception,
that of Caenorhabditis elegans p53 [24]. Superimposi-
tion of the L1 loops of p53wt, p53FG, and C. elegans
p53 (Cep-1) revealed that loop L1 of p53FG is as
recessed as that of C. elegans p53 (Fig. 2b). Formally,
the recessed conformation of loop L1 in p53FG could
be attributed to crystal packing contacts, since the side
chain ofPhe121 iswithin 3.5–4.8 Åof theside chainsof
Arg174, Pro177, and Glu180 of a symmetry-related
p53 molecule in the crystal lattice (Fig. S1). However,most of the crystal packing contacts between these two
subunits arenotmediatedby loopL1, but rather byhelix
H2 (Fig. S1). Further, changes in the conformation of
loop L1 as a result of crystal packing contacts have not
been observed in any of the other p53 crystal structures
determined to date. Thus, we argue that the recessed
conformation of loop L1 in the p53FG crystal structure
is representative of its apo conformation in solution.
Structure of a p53FG oligomer bound to sequence-
specific DNA
The structure of a p53FG polypeptide encompass-
ing both the core and homo-oligomerization domains
in complex with a consensus-specific DNA site
(CONS26) was determined at a resolution of 2.9 Å
(Fig. 3a and Table S1). The overall structure of this
homo-oligomerizing p53FG polypeptide bound to
DNA was very similar to the previously determined
structures of homo-oligomerizing p53wt in complex
with DNA (Fig. S2). Specifically, the two subunits of
941Reversal of the DNA-Binding-Induced Loop L1 Conforthe p53FG tetramer recognizing the central two
pentanucleotide repeats of the p53 DNA site (inner
repeats) adopted the extended loop L1 conforma-
tion, whereas the two subunits recognizing the outer
repeats adopted the recessed loop L1 conformation
(Fig. 3b). Given that, in the apo form, loop L1 of
p53FG is recessed, the structure reveals a confor-
mational switch upon DNA binding. However,
whereas in p53wt, the conformational switch in-
volves the loops of the subunits binding the outer
pentanucleotide repeats (from an extended to a
recessed conformation); in p53FG, the switch
affected the loops of the subunits binding the inner
repeats (from a recessed to an extended conforma-
tion) (Fig. 3c).
In regard to the subunits binding the inner
pentanucleotide repeats, we observed few differ-
ences in the contacts of p53FG with DNA, relative to
the contacts of p53wt with DNA [16,17]. Specifically,
whereas in p53wt, the side chain of Lys120 contacts
atoms N7 and O6 of the guanine at position G4′b
[17]; in p53FG, the side chain of Lys120, due to steric
interference with the side chain of Phe121, was
pushed almost outside the major groove of the DNA
and contacted the DNA sugar-phosphate backbone
(Fig. 4a and Fig. S3). Further, the side chain of
Ser121 of p53wt interacts with the sugar-phosphate
backbone of the cytosine at position C5c [17], but in
p53FG, the side chain of Phe121 was close to
oxygen O6 of the guanine at position G4′b and did
not interact with the DNA sugar-phosphate back-
bone (Fig. 4a).
In regard to the subunits binding the outer
pentanucleotide repeats, the only difference in the
contacts of p53FG with DNA, compared to the
contacts of p53wt with DNA, involved residue 121. In
the structure of p53wt bound to the native site
present in the CDKN1A gene, Ser121 contacts the
DNA backbone [17]. The corresponding residue,
Phe121, in the p53FG–DNA structure was oriented
toward the interior of the protein. In this conforma-
tion, due to its large hydrophobic side chain, Phe121
could help stabilize the recessed conformation of
loop L1 (Fig. 4b).
The overall similar contacts of p53wt and p53FG
to DNA are further reflected in the similar DNA-
bound conformations of loops L1 of these two
proteins. Thus, the subunits of p53wt and p53FG
recognizing the inner repeats have similar extended
loop L1 conformations, while the subunits recogniz-
ing the outer repeats have similar recessed loop L1
conformations (Fig. 4c).Discussion
We previously described the structures of p53
tetramers bound to a consensus-specific DNA site
(CONS26) or to the native CDKN1A p53 responseelement [16,17]. These structures showed a confor-
mational switch involving loops L1 of the DNA
binding domains of p53. The conformational switch
involved only two of the four subunits, those subunits
bound to the outer pentanucleotide repeats of the
p53 response element. In these two subunits, the
loop L1 conformation switched from extended (in the
apo form) to recessed (in the DNA-bound form).
In our previous study, we predicted that two
substitutions within loop L1, S121F and V122G,
would facilitate the conformational switch from the
extended to the recessed conformation on the
rationale that the side chain of Phe121 could
potentially form hydrophobic interactions stabilizing
the recessed conformation of loop L1 and that
Gly122 lacks a hydrophobic side chain to stabilize
the extended loop L1 conformation [16].
The structure of p53FG in its apo form, determined
here, supports these predictions since, in the
absence of DNA, loop L1 of p53FG adopted a
recessed conformation. Upon DNA binding, p53FG
underwent a conformational switch, such that, in two
subunits, loop L1 adopted an extended conforma-
tion. Thus, even though the structures of p53wt and
p53FG differ in their apo form, upon binding to
specific DNA, these two p53 proteins adopt essen-
tially identical structures. Cep-1, the p53 homolog in
C. elegans, adopts a recessed loop L1 conformation
in the apo form, reminiscent of that observed in the
apo form of p53FG [24]. We envision that Cep-1, like
p53FG, will also switch conformation upon DNA
binding, thereby explaining the paradox as to how
p53wt and Cep-1 recognize identical DNA se-
quences despite having different loop L1 structures
in their apo forms [24].
Most previously determined structures of p53 DNA
binding domains in complex with DNA have not
revealed any conformational switch in p53 upon
DNA binding [10–15]. The only exception was the
structure of a p53 tetramer–DNA complex, in which
p53 had been cross-linked to the DNA [14]. In this
case, all four p53 subunits adopted a recessed loop
L1 conformation. More recently, subtle conforma-
tional changes have been observed in loop L1 of p73
bound to DNA [25]. However, the extent of these
conformational changes is more limited than the
changes described here. We speculate that the
previous studies have failed to observe major loop
L1 conformational changes upon DNA binding
because they examined polypeptides corresponding
only to the DNA binding domain of p53. The affinity
for specific DNA of polypeptides containing only the
core domain of p53 is orders of magnitudes lower
than the affinity of polypeptides containing both the
DNA binding and oligomerization domains [26].
Thus, only the latter polypeptides may recapitulate
physiological DNA binding.
Based on fluorescence anisotropy measurements,
we had previously argued that the conformational
942 Reversal of the DNA-Binding-Induced Loop L1 Conforswitch in loop L1 of p53 allows DNA binding affinities
and off-rates to be regulated independently of each
other [16]. Specifically, we had observed that the
p53FG mutant has higher affinity for specific DNA
than p53wt; however, its residency time on DNA is
shorter than that of p53wt. We reproduced here
these results employing SPR. Thus, two biophysical
methods now support our premise that the confor-
mational switch of loop L1 allows more precise
control of the DNA binding properties of p53.
The DNA binding properties of p53FG can be
explained from the perspectives of either the indu-
ced-fit model or the conformational selection model
[27]. In both cases, we speculate that loop L1 is
conformationally more flexible in p53FG than in
p53wt, a hypothesis supported by the crystallographic
B-factor values (Fig. S4). According to the induced-fit
model, higher loop L1 flexibility would result in less
energy being required for loop L1 in p53FG to adopt
the DNA-bound conformation. In turn, this would lead
not only to higher affinity but also to higher on-rates
and higher off-rates, since the off-rate is equal to the
on-rate multiplied by the dissociation constant [16].
From the perspective of the conformational selection
model, the conformational flexibility would result in a
higher fraction of molecules adopting the DNA-bound
conformation, leading not only to higher on-rates for
specific DNA binding but also to higher off-rates, given
that the increase in affinity is of a smaller magnitude
than the increase in on-rates. Central to the impor-
tance of DNA binding kinetics on in vivo function,
p53FG is a weaker transcriptional activator in cells
than p53wt [16].
Analysis of other transcription factors suggests
that our findings with p53 may be broadly relevant
[28]. For example, single molecule imaging in living
Escherichia coli shows that the lac repressor slides
several times over its specific DNA site before
actually binding to it [29]. This behavior is consistent
with a low on-rate, and accordingly a low off-rate, for
sequence-specific DNA binding, as predicted by our
model [16] and also as demonstrated by molecular
dynamics simulations of a large number of DNA
binding proteins [30]. Of course, further studies will
be required to establish the generality of the
importance of conformational switches for regulating
residency times of DNA binding proteins on DNA
and for discriminating specific from non-specific
sites.Experimental ProceduresProtein sample preparation and purification
To crystallize p53FG in its apo form, we used a
recombinant protein corresponding only to the
human DNA binding domain (residues 94–294).This protein had 13 amino acid substitutions within
the DNA binding domain that enhance thermal
stability [16]. To crystallize p53FG–DNA complexes,
we used a p53FG protein that included both the DNA
binding and tetramerization domains (residues 94–
355) but that also had a deletion of 29 amino acids
(residues 293–321) corresponding to the unstruc-
tured linker between these two domains [16]. This
p53 polypeptide also had 13 amino acid substitu-
tions within the DNA binding domain that enhance
thermal stability, as well as two amino acid substi-
tutions in the oligomerization domain that change its
stoichiometry from tetramer to dimer [16]. For
biophysical measurements, we used p53wt and
p53FG proteins corresponding to residues 79–393
of full-length human p53. These proteins also had
the 13 amino acid substitutions in the DNA binding
domain that enhance thermal stability. All p53
polypeptides were expressed in E. coli. The cells
were lysed in buffer consisting of 25 mM BTP
(bis-tris propane) (pH 6.8), 50 mM NaCl, 5 mM
DTT, and protease inhibitors, and the polypeptides
were purified by cation exchange (Sepharose SP
column; Pharmacia Biotech) chromatography follow-
ed by gel-filtration chromatography (Superdex 200
column; Pharmacia Biotech).
Oligonucleotides
p53FG was crystallized in complex with DNA
containing a consensus p53 binding site (CONS26;
Fig. S4). The double-stranded DNA was generated
by annealing oligonucleotides with the following
sequences: upper strand: [AC-GGGCA-TGTCT-
GGGCA-TGTCT-CAAA] and lower strand: [TTTG-
CCCGT-ACAGA-CCCGT-ACAGA-GT] (the specific
pentanucleotides are indicated in italics). After
annealing, we produce two-nucleotide sticky ends
on either end, facilitating the assembly of individual
molecules into a longer pseudo-continuous DNA
molecule spanning the length of the crystal.
For SPR, we used the same specific consensus
DNA sequence as for our previous anisotropy
fluorescence experiments: upper strand: [biotin-T-
TAGATGTAGATGATGAT-GAGCA-TGTTC-
GAGCA-TGTTC-ATATGATGAC] and lower strand:
[GTCATCATAT-GAACA-TGCTC-GAACA-TGCTC-
ATCATCATCTACATCTA]. We also used DNA
containing the p53 response element present in
the CDKN1A (p21) gene: upper strand: [biotin-TTA-
GATGTAGATGATGAT-GAACA-TGTCC-CAACA-
TGTTG-ATATGATGAC] and lower strand:
[GTCATCATAT-CAACA-TGTTG-GGACA-TGTTC-
ATCATCATCTACATCTA].
Surface plasmon resonance
Biotinylated DNAs were resuspended at a final
concentration of 200 nM in buffer consisting of
943Reversal of the DNA-Binding-Induced Loop L1 Confor150 mMNaCl, 5 mMDTT, and 25 mMBTP (pH 6.8).
The biotinylated DNAs were then immobilized on
streptavidin-coated sensor chips (Sensor chip SA,
Biacore X100; GE Healthcare) according to the
instructions of the manufacturer. The sensor chips
contained two flow cells; DNA was immobilized on
one flow cell, while the other flow cell served as
reference.
To determine p53 DNA binding off-rates, we
delivered p53 protein solutions (118–267 nM protein
concentration, as indicated) using a flow rate of
30 μl/min and a contact time with the DNA sensor of
180 s; this was followed by a dissociation time of
60 s. Between experiments, the sensor chips were
injected with 1 M NaCl at 30 μl/min to remove any
traces of p53 protein remaining on the chip. The SPR
RUs measured over time during dissociation of p53
from the DNA sensor chip were used to calculate
off-rate constants, according to the method of
O'Shannessy et al. [20], which posits that the slope
of the curve of ln(RUmax/RU) over time is equal to the
off-rate constant (koff).
To determine p53 DNA binding affinity constants,
we delivered p53 protein solutions using a flow rate
of 10 μl/min for the p53 protein solutions and a
contact time with the DNA sensor of 240 s, followed
by a dissociation time of 240 s. For each p53 protein,
the affinity constants were determined using protein
concentrations ranging from 80 to 200 nM. Between
experiments, the sensor chips were injected with
1 M NaCl at 30 μl/min to remove any traces of p53
protein remaining on the chip. The fraction of bound
DNA was determined as the ratio of the observed
difference of RUs upon p53 binding (ΔRUp53) divided
by the RUs corresponding to the theoretical maxi-
mum difference (ΔRUmaxθ). The latter is equal to
ΔRUDNA × (MWp53/MWDNA) × K, where ΔRUDNA is
the observed difference of RUs upon binding of DNA
to the chip; MWDNA and MWp53 are the molecular
weights of the DNA duplex and the p53 tetramer,
respectively; and K represents the fraction of DNA
bound on the chip that is capable of binding to
p53. Experiments with increasing amounts of p53
revealed that K was equal to 0.5.
Crystallization, data collection, and
structure refinement
The purified p53FG polypeptide corresponding
only to the DNA binding domain was concentrated to
about 8 mg/ml and crystallized at 4 °C under
hanging-drop vapor diffusion conditions in 48-well
plates (Hampton Research). The precipitant solution
used for crystallization consisted of 0.2 M ammoni-
um fluoride and 20% polyethylene glycol 3350. The
p53FG–DNA complex was formed by incubating
protein and DNA at a 1:1.1 molar ratio at 4 °C for 1 h
in 25 mM BTP (pH 6.8), 150 mM NaCl, and 5 mM
DTT buffer. The complex was then purified by gel-filtration chromatography (Superdex 200 column;
Pharmacia Biotech), concentrated to about 5 mg/ml
protein concentration, and crystallized at 4 °C under
hanging-drop vapor diffusion conditions in 48-well
plates (Hampton Research). The precipitant solution
consisted of 0.2 M potassium sodium tartrate tetra-
hydrate (pH 7.0) and 20% polyethylene glycol 3350.
X-ray diffraction data sets were collected at the
ID14-1 (p53FG apo form) and ID23-2 (p53FG–DNA
complex) beamlines of the European Synchrotron
Radiation Facility (Grenoble, France). Reflection data
were indexed, integrated, and scaled using the
programs MOSFLM and SCALE of the CCP4
software package [31]. Initial solutions were deter-
mined by molecular replacement and further refined
with the programs CNS and O [32,33] using non-
crystallographic symmetry restraints for the protein
chains of the p53FG–DNA complex. Figures were
prepared using the programs MOLSCRIPT, BOB-
SCRIPT, and RASTER3D [34–36].
Accession numbers
Coordinates and structure factors have been
deposited in the Protein Data Bank with accession
numbers 4MZI and 4MZR.Acknowledgements
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